Introduction {#sec1}
============

Photocycloaddition reactions between unsaturated compounds, such as alkenes, alkynes, allenes, 1,3-dienes, and arenes, are useful for the preparation of polycyclic organic compounds. As a result, these processes have been extensively studied from both synthetic and mechanistic perspectives.^[@ref1]^ We envisioned that cyclopropane derivatives would be interesting replacements for the unsaturated compounds employed in these photocycloaddition reactions because they would serve as precursors of C3 units in the generated polycylic products. To date, studies of \[3 + 2\] photocycloaddition reactions of cyclopropanes with alkenes have focused on processes involving the additions of methylenecyclopropanes to tetracyanoethylene,^[@ref2]^ triarylcyclopropanes to vinyl ethers,^[@ref3]^ vinylidenecyclopropanes to electron-deficient alkenes,^[@ref4]^ and tricyclo\[3.3.0.0^2,8^\]octan-3-ones to 2-trimethylsiloxybutadiene.^[@ref5]^ In addition, intramolecular photoreactions of pentacyclo\[6.3.1.1^3,6^.0^2,7^.0^9,11^\]tridec-4-ene^[@ref6]^ and photocatalytic \[3 + 2\] cycloaddition of benzoylcyclopropanes with alkenes in the presence of Ru catalysts and Lewis acids^[@ref7]^ have been probed. However, only a few reports exist which describe the photoreactions of cyclopropanes with arenes. Included in the processes explored thus far are \[4 + 3\] photocycloaddition reactions of 9,10-dicyanoanthracene with 1,2-diarylcyclopropanes,^[@ref8]^ 1-amino-2-phenylcyclopropanes,^[@ref9]^ and methylenecyclopropanes;^[@ref10]^ \[3 + 2\] photocycloaddition reactions of 9-cyanophenanthrene with 1,2-diarylcyclopropanes;^[@ref11]^ and \[3 + 2\] photocycloaddition reactions of 1-phenyl-2-vinylcyclopropanes with C~60~.^[@ref12]^

In contrast to their intermolecular counterparts, intramolecular reactions often proceed with increased efficiencies and high levels of regio- and stereoselectivity owing to the entropic and preorientaion effects.^[@ref13]^ We have also encountered these phenomena in recent studies of linked naphthalene-cyclopropane derivatives that undergo intramolecular \[3 + 2\] and \[4 + 3\] photocycloaddition reactions with high levels of regio- and stereochemical control.^[@ref14]^ The earlier results prompted us to investigate the photochemistry of 9-cyanophenanthrene--arylcyclopropane-linked systems because of several reasons including the expectations that the extended π-system in the phenanthrene ring would enable ready formation of intramolecular exciplexes^[@ref15]^ and that reactions of the exciplexes would lead to complex polycyclic ring systems that are difficult to prepare using other approaches. In an effort driven by these considerations, we observed that photoreactions of 9-cyanophenanthrene-linked arylcyclopropanes lead to the production of intramolecular \[3 + 2\] photocycloadducts along with unexpected dihydroisochroman derivatives. The results of this investigation are described below.

Results and Discussion {#sec2}
======================

The 9-cyanophenanthrene-linked arylcyclopropanes **6a--d** used in this study were designed and synthesized in expectation of moderate π--π and donor--acceptor (D--A) interactions of aryl groups ([Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}). Bromination of 9-methylphenanthrene **1a** and its derivatives **1b,c** produced **2a--c** whose methyl groups were further brominated to give **3a--c**, respectively. Williamson ether synthesis of **3a--c** with cinnamyl alcohols followed by cyanation and cyclopropanation gave the substances **6a--d**.

![Preparation of 9-Cyanophenanthrene-Linked Arylcyclopropanes **6a--d**](ao-2017-01439c_0004){#sch1}

Solutions containing **6a--d** in Pyrex vessels were degassed by argon bubbling, sealed, and irradiated by using a 300 or 450 W high-pressure mercury lamp (\>280 nm). Separation of each crude product mixture using silica gel column chromatography followed by recycling preparative high-performance liquid chromatography (HPLC) led to the isolation of four photoproducts including the expected pentacyclic derivatives endo-**7** and exo-**7** arising by intramolecular \[3 + 2\] photocycloaddition and the unexpected tetracyclic dihydroisochromans cis-**8** and trans-**8** ([Scheme [2](#sch2){ref-type="scheme"}](#sch2){ref-type="scheme"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The structure of trans-**8a** was determined by using X-ray crystallographic analysis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), and those of the other products were determined by comparing their spectroscopic and analytical data with those of trans-**8a** and substances characterized in previous studies of intermolecular photoreactions of arenes with cyclopropanes.^[@ref11],[@ref14]^

![Oak Ridge thermal ellipsoid plot of X-ray crystallographic data of trans-**8a**.](ao-2017-01439c_0001){#fig1}

![Substrates and Products in the Photoreactions of 9-Cyanophenanthrene-Linked Arylcyclopropanes](ao-2017-01439c_0005){#sch2}

###### Effects of Substituents and Solvents on the Intramolecular Photoreactions of 9-Cyanophenanthrene-Linked Arylcyclopropanes[a](#t1fn1){ref-type="table-fn"}

  ----------------------------------- ----------- ----------------- ---------- ---------- -------------------------------------------- ----------- ------------- -------------------------------------------------------
                                                                                          yield[b](#t1fn2){ref-type="table-fn"} (%)                               
  entry                               substance   solvent           lamp (W)   time (h)   **7** (endo/exo)                             cis-**8**   trans-**8**   recovery of **6**[b](#t1fn2){ref-type="table-fn"} (%)
  1                                   **6a**      benzene           300        1          9 (67:33)[c](#t1fn3){ref-type="table-fn"}    trace       14            73
  2                                   **6a**      benzene           300        3          14 (64:36)[c](#t1fn3){ref-type="table-fn"}   3           13            61
  3                                   **6a**      benzene           300        6          19 (63:37)[c](#t1fn3){ref-type="table-fn"}   5           13            30
  4                                   **6a**      benzene           450        6          33 (61:39)[c](#t1fn3){ref-type="table-fn"}   7           21            0
  5                                   **6a**      acetonitrile      300        288        0                                            0           0             70
  6[d](#t1fn4){ref-type="table-fn"}   **6b**      benzene           450        72         trace                                        trace       trace         45
  7[d](#t1fn4){ref-type="table-fn"}   **6b**      dichloromethane   450        72         trace                                        trace       trace         58
  8[d](#t1fn4){ref-type="table-fn"}   **6b**      acetonitrile      450        72         14[e](#t1fn5){ref-type="table-fn"}           2           7             16
  9                                   **6c**      benzene           450        24         trace                                        trace       4             0
  10                                  **6c**      acetonitrile      450        24         0                                            0           0             58[c](#t1fn3){ref-type="table-fn"}
  11                                  **6d**      benzene           450        24         10[f](#t1fn6){ref-type="table-fn"}           trace       trace         46
  12                                  **6d**      benzene           450        96         8[f](#t1fn6){ref-type="table-fn"}            trace       trace         12[c](#t1fn3){ref-type="table-fn"}
  13                                  **6d**      acetonitrile      450        24         0                                            0           0             72[c](#t1fn3){ref-type="table-fn"}
  ----------------------------------- ----------- ----------------- ---------- ---------- -------------------------------------------- ----------- ------------- -------------------------------------------------------

300 or 450 W high-pressure mercury lamp, Pyrex vessel, rt, \[**6**\] = 10 mM.

Isolated yield.

Determined by using ^1^H NMR analysis.

9-Cyano-10-methylphenanthrene (**9**, 27% in entry 6, 16% in entry 7, and 14% in entry 8) was obtained.

Diastereomer ratio = 79:21.

endo-**7d** is exclusively formed.

Photoreaction of **6a**, in which the 9-cyanophenanthrene moiety is linked to a *p*-methoxyphenylcyclopropane group through an ether bridge, in benzene produces four photoproducts in yields that gradually increase with increasing reaction time (entries 1--3). In this process, endo-**7a** and trans-**8a** are produced in higher yields than exo-**7a** and cis-**8a**, and as expected, the overall yields of the products are higher when a 450 W high-pressure mercury lamp is used instead of a 300 W lamp (entry 4). In contrast, photoreaction of **6a** in acetonitrile takes place less efficiently, leading to 70% recovery of **6a** even after 288 h of irradiation (entry 5).

This solvent change has a reverse effect on the photoreaction of **6b**, in which the 9-cyanophenanthrene group is linked to a phenylcyclopropane moiety. In this case, the photoreaction proceeds smoothly in acetonitrile but only sluggishly in benzene and CH~2~Cl~2~ (entries 6--8). In addition, in contrast to that of **6a**, the photoreaction of **6b** generates a more complex product mixture containing 9-cyano-10-methylphenanthrene (**9**) and other unidentified substances.

The respective substrates **6c** and **6d**, which have a second cyano group at either C-6 or C-3 of the phenanthrene ring system, were explored in this effort to determine the effects of enhancing D--A interactions in intramolecular exciplexes on the course of these processes. However, photoreactions of these substances were found to occur highly inefficiently in benzene and acetonitrile (entries 9--13), and the only products isolated from the former process are the \[3 + 2\] photocycloadduct endo-**7d** and dihydroisochroman trans-**8c**.

Absorption and fluorescence spectroscopic studies were carried out to gain information about the nature of the excited states of 9-cyanophenanthrene-linked arylcyclopropanes. UV absorption spectra of 10^--4^ M benzene and acetonitrile solutions of **6a--d** were recorded and compared to those of 9-cyanophenanthrene (**10**) ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The absorption maxima of **6a** (317 nm) and **6b** (317 nm) in benzene occur at 3 nm longer wavelengths than that of **10** (314 nm), and the absorption maxima of the dicyano derivatives **6c** (325 nm) and **6d** (329 nm) are shifted to even longer wavelengths. The UV absorption spectra of **6a--d** and **10** in acetonitrile display changes that are similar to those in benzene. Because the absorption bands of **6a--d** are attributed to phenanthrene chromophore, the phenanthrene part is electronically excited by irradiation under the present photoreaction conditions (\>280 nm).

![UV absorption spectra of **6a--d** and 9-cyanophenanthrene (**10**) in (a) benzene and (b) acetonitrile, 1.0 × 10^--4^ M.](ao-2017-01439c_0002){#fig2}

Fluorescence spectra of 10^--4^ M benzene and acetonitrile solutions of **6a--d** and **10** are displayed in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Unlike the absorption spectra of these substances, their fluorescence spectra show large solvent dependencies. The observation that the fluorescence band of **6b** has a shape and position similar to that of **10** in both benzene and acetonitrile demonstrates that it has a phenanthrene-localized singlet excited (LE; locally excited) state and that this excited state is less quenched by the tethered phenylcyclopropane group. On the other hand, emission from the LE state of **6a** in benzene is quenched, and weak intramolecular exciplex emission occurs in the 400--500 nm region, whose maximum is estimated to be 429 nm by a subtracted spectrum ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_001.pdf)). Moreover, emission from the LE state of **6a** in acetonitrile is even more profoundly quenched, but intramolecular exciplex emission is not observed. In the fluorescence spectra of **6c,d**, the degrees of quenching of the LE states of **6c** and **6d** in benzene are larger than that of **6a**, and respective intramolecular exciplex emission bands with maxima at 442 (**6c**) and 462 (**6d**) nm are more intense. The excitation spectra of **6a--d** at fluorescence bands of LE states and intramolecular exciplexes correspond reasonably well with the absorption spectra ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_001.pdf)). These observations suggest that the phenanthrene LE states of **6a,c** and **6d** are quenched by the formation of intramolecular exciplexes in benzene. The fact that fluorescence emission from intramolecular exciplexes of **6c,d** is more prominent than that from **6a** suggests that exciplexes serving as intermediates in the pathways for the photoreactions are nonemissive, whereas unreactive exciplexes fluoresce. Finally, in acetonitrile, quenching of the LE singlet states might involve single electron transfer (SET).

![Fluorescence spectra of **6a--d** and 9-cyanophenanthrene (**10**) in aerated (a) benzene and (b) acetonitrile, 1.0 × 10^--4^ M, λ~ex~ = 316 (**6a--b**), 325 (**6c**), 328 (**6d**), and 313 (**10**) nm in benzene, and λ~ex~ = 313 (**6a--b**), 321 (**6c**), 324 (**6d**), and 311 (**10**) nm in acetonitrile.](ao-2017-01439c_0003){#fig3}

Photoinduced electron transfer (PET) mechanistic pathways are known^[@ref16]^ to be followed in intermolecular photoreactions of arylcyclopropanes with cyanoarenes in acetonitrile. To evaluate the possibility that PET proceeds in the intramolecular photoreactions of **6**, free energy changes (Δ*G*) for SET from arylcyclopropanes to the excited singlet state of 9-cyanophenanthrene (**10**) were estimated by using the Rehm--Weller equation^[@ref17]^ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). On the basis of the oxidation potentials of *p*-methoxyphenylcyclopropane (**11a**) and phenylcyclopropane (**11b**) and the reduction potential and excited singlet energy of 9-cyanophenanthrene (**10**), the Δ*G* values for SET were calculated to be −13.4 (**11a**) and −5.1 (**11b**) kcal/mol. The negative Δ*G* values indicate that SET can occur when mixtures of these substrates, especially **10** and **11a**, or their tethered counterparts are irradiated in acetonitrile solutions.

###### Free Energy Change (Δ*G*) for Photoinduced Single Electron Transfer from Arylcyclopropanes (**11**) to the Excited Singlet State of 9-Cyanophenanthrene (**10**)[a](#t2fn1){ref-type="table-fn"}

  compound                                  *E*~1/2~^ox^[b](#t2fn2){ref-type="table-fn"} (V)   Δ*G* (kcal/mol)
  ----------------------------------------- -------------------------------------------------- -----------------
  *p*-methoxyphenylcyclopropane (**11a**)   1.02^[@cit16b]^                                    --13.4
  phenylcyclopropane (**11b**)              1.38^[@cit16b]^                                    --5.1

Calculated from Δ*G* = *E*^ox^(**11**) -- *E*^red^(**10**) -- *E*~0--0~(**10**) -- *e*^2^/ε~r~,^[@ref17]^ where *E*^red^(**10**) = −1.91 V vs Ag/Ag^+^,^[@ref18]^*E*~0--0~(**10**) = 79.7 kcal/mol,^[@ref19]^ and *e*^2^/ε~r~ = 0.056 V.

vs Ag/Ag^+^ in CH~3~CN.

The results described above enable us to propose plausible mechanisms for the solvent effects on the photoreactions described above ([Scheme [3](#sch3){ref-type="scheme"}](#sch3){ref-type="scheme"}). Irradiation of 9-cyanophenanthrene-linked arylcyclopropanes **6** results in the production of 9-cyanophenanthrene LE singlet states **12**. In the route for the photoreaction of **6a** in benzene, two diastereomeric exciplexes up-**13** and down-**13** formed from **12** undergo C--C bond formation at C-10 of phenanthrene ring to generate the respective biradicals cis-**14** and trans-**14**. Alternatively, C--C bond formation at the 9-position of the phenanthrene ring in **13** produces the corresponding biradicals cis-**15** and trans-**15**. Intramolecular C--C bond formation in biradical cis-**14** gives the intramolecular \[3 + 2\] photocycloadducts endo-**7** and exo-**7**. In contrast, trans-**14** cannot undergo intramolecular radical coupling to give **16** because of the development of much higher ring strain associated with the formation of the trans-fused bicyclo\[3.3.0\]octane skeleton than that of the cis-fused bicyclo\[3.3.0\]octane counterpart.^[@ref20]^ Instead, intramolecular hydrogen transfer in biradicals cis-**15** and trans-**15** takes place to produce cis-**8** and trans-**8**, respectively. The cis-configuration of the double bonds of **8** may support an assumption that the π--π interaction of arenes also acts at the hydrogen transfer process. Thus, the product formation in these photochemical processes occurs in a stepwise manner similar to related intermolecular processes.^[@ref11]^

![Mechanistic Pathways for the Photoreactions of **6a--d**](ao-2017-01439c_0006){#sch3}

The low reactivity of **6b** in benzene appears to be a consequence of an inadequate D--A interaction that is required for the formation of intramolecular exciplexes. This proposal is supported by the fact that emission is only observed from the LE singlet state of **6b** and not from intramolecular exciplexes. In the reactions of **6** in acetonitrile, intramolecular radical ion pairs **17**, generated by PET, could be involved in forming biradicals **14** and **15** in competition with undergoing back electron transfer (BET) to regenerate **6**. Particularly, the fact that photoreaction of **6a** does not occur in acetonitrile might be a consequence of fast BET. In the reaction of **6b** in acetonitrile, both mechanisms are possible, because Δ*G* value for SET is less negative, and the exciplex with weak D--A interaction may be more stabilized in acetonitrile than in benzene. Finally, the low reactivities of dicyanophenanthrene-linked arylcyclopropanes **6c** and **6d** can be attributed to either the existence of strong D--A interactions causing the intramolecular exciplexes in benzene to be too stable or the operation of highly efficient PET followed by fast BET in acetonitrile.

Conclusions {#sec3}
===========

In the effort described above, we uncovered the first examples of intramolecular photocycloaddition reactions of substrates containing linked cyclopropanes and phenanthrene ring systems. Distinct substituent and solvent effects are observed to govern the efficiencies of photoreactions that produce \[3 + 2\] photocycloadducts endo- and exo-**7a** and unexpected dihydroisochroman derivatives cis- and trans-**8**. The observations along with those arising from the fluorescence studies show that both intramolecular exciplex formation and PET are involved in these processes. Although the uncovered \[3 + 2\] photocycloaddition reactions, which utilize cyclopropanes as C3 units, serve as useful methods to prepare highly complex, polycyclic five-membered ring-containing compounds, the current processes do not have high enough efficiencies and chemoselectivities to have practical applications in synthesis. Further studies are underway to develop the synthetic potential of this strategy.

Experimental Section {#sec4}
====================

Materials and Equipment {#sec4-1}
-----------------------

Tetrahydrofuran (THF) and Et~2~O were distilled from CaH~2~ and then from Na/Ph~2~C=O. CH~2~Cl~2~, toluene, and MeOH were distilled from CaH~2~. Other chemical substances were used after purification by distillation or recrystallization. 9-Cyanophenanthrene (**10**) was prepared by using a reported procedure.^[@ref21]^ Melting points were determined on a Yanagimoto micro melting point apparatus, Yanaco MP-500, and were reported uncorrected. ^1^H and ^13^C NMR spectra were recorded using a JEOL JMN FX-270 (270 and 68 MHz, respectively) or a JEOL JMN LA-400 (400 and 100 MHz, respectively) or a JEOL JMN ECA-500 (500 and 125 MHz, respectively) spectrometer with Me~4~Si as an internal standard. IR spectra were determined using a Shimadzu FTIR-8300 spectrometer. The UV absorption spectra in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} were recorded using a Hitachi U-2900 spectrophotometer. The fluorescence spectra in [Figures [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_001.pdf) were recorded using a PerkinElmer LS-55 spectrofluorometer. The absorption and excitation spectra in [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_001.pdf) were recorded using a Jasco V-570 spectrophotometer and Jasco FP-8500 spectrofluorometer, respectively. Low- and high-resolution mass spectra were recorded on a JEOL JMS-AM50 and a JEOL JMS-SM102A instrument, respectively. HPLC separations were performed on recycling preparative HPLC instruments, Japan Analytical Industry Co. Ltd., LC-918 equipped with a JAIGEL SIL S-043-15 column (silica gel, normal phase, eluent: hexane--AcOEt = 3:1) or Japan Analytical Industry Co. Ltd., LC-908 equipped with a JAIGEL-H (GPC, eluent: CHCl~3~) column. Column chromatography was conducted by using Kanto Chemical Co. Ltd., silica gel 60 N (spherical, neutral, 0.04--0.05 mm). Thin-layer chromatography was done with a Merck Kieselgel 60 F~254~ plate, and spots were detected by using UV light and phosphomolybdic acid ethanol solution with heating. Photoreactions were carried out by using a 300 W high-pressure mercury lamp (Eikosha, PIH-300) or a 450 W high-pressure mercury lamp (Ushio, UM-452).

Preparation of **6a** {#sec4-2}
---------------------

To a stirred THF (150 mL) solution of 9-bromophenanthrene (8.99 g, 35.0 mmol) was slowly added *n*-BuLi (1.6 M in hexane, 60 mL, 95.4 mmol) at −70 °C under an argon atmosphere, and the solution was stirred at −70 °C for 1 h. MeI (24.7 g, 174 mmol) was added at −70 °C, and the solution was stirred at room temperature (rt) for 2 h. H~2~O (50 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over MgSO~4~, filtered, and concentrated in vacuo to give a yellow solid (10.3 g). Recrystallization from CH~2~Cl~2~--hexane gave 9-methylphenanthrene (**1a**, 5.46 g, 81% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 2.73 (s, 3H), 7.53--7.69 (m, 5H), 7.78--7.82 (m, 1H), 8.04--8.07 (m, 1H), 8.63--8.73 (m, 2H) ppm.

To a stirred CCl~4~ (20 mL) solution of 9-methylphenanthrene (**1a**, 2.56 g, 13.3 mmol) was added a CCl~4~ (15 mL) solution of Br~2~ (1.1 mL, 21.4 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 2 h. The reddish brown liquid was washed with H~2~O (100 mL) and 10% NaOH aq (100 mL). The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a yellow solid. Recrystallization from CH~2~Cl~2~--hexane gave 9-bromo-10-methylphenanthrene (**2a**, 2.70 g, 75% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 2.97 (s, 3H), 7.62--7.70 (m, 4H), 8.11--8.14 (m, 1H), 8.46--8.49 (m, 1H), 8.65--8.72 (m, 2H) ppm.

A CCl~4~ (50 mL) solution of AIBN (0.328 g, 2.0 mmol), *N*-bromosuccinimide (3.56 g, 20.0 mmol), and 9-bromo-10-methylphenanthrene (**2a**, 4.62 g, 17.0 mmol) was stirred at reflux for 4.5 h under an argon atmosphere. The formed solid was removed by filtration. The filtrate was washed with 10% NaOH aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a pale yellow solid. Recrystallization from CH~2~Cl~2~--hexane gave 9-bromo-10-(bromomethyl)phenanthrene (**3a**, 4.75 g, 80% yield). Colorless solid; ^1^H NMR (270 MHz, CDCl~3~): δ 5.31 (s, 2H), 7.66--7.77 (m, 4H), 8.18--8.25 (m, 1H), 8.48--8.54 (m, 1H), 8.65--8.76 (m, 2H) ppm.

To a stirred MeOH (60 mL) solution of *p*-methoxycinnamaldehyde (8.67 g, 53.5 mmol) was slowly added NaBH~4~ (2.51 g, 66.3 mmol) at 0 °C, and the solution was stirred at rt for 6 h. H~2~O (15 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a pale yellow solid (9.37 g). Recrystallization from Et~2~O--hexane gave *p*-methoxycinnamyl alcohol (8.17 g, 93% yield). Colorless solid; ^1^H NMR (400 MHz, CDCl~3~): δ 3.81 (s, 3H), 4.30 (dd, *J* = 6.1, 1.5 Hz, 2H), 6.24 (dt, *J* = 15.9, 6.0 Hz, 1H), 6.56 (d, *J* = 15.9 Hz, 1H), 6.86 (dt, *J* = 8.8, 2.0 Hz, 2H), 7.33 (dt, *J* = 8.8, 2.0 Hz, 2H) ppm.

NaH (60% in mineral oil, 0.984 g, 24.6 mmol) was washed with dry pentane. To a stirred mixture of NaH in THF (30 mL) was added a THF (30 mL) solution of *p*-methoxycinnamyl alcohol (2.48 g, 15.1 mmol) under an argon atmosphere, and the solution was stirred at reflux for 1 h. After the solution was cooled to rt, a THF (35 mL) solution of 9-bromo-10-(bromomethyl)phenanthrene (**3a**, 2.65 g, 7.58 mmol) was added, and the solution was stirred at reflux for 2 h. After the solution was cooled to rt, H~2~O (50 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown solid (5.46 g). Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 2:1) gave (*E*)-9-bromo-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4a**, 3.06 g, 93% yield). Colorless solid; ^1^H NMR (270 MHz, CDCl~3~): δ 3.80 (s, 3H), 4.32 (dd, *J* = 6.3, 1.2 Hz, 2H), 5.41 (s, 2H), 6.25 (dt, *J* = 15.7, 6.4 Hz, 1H), 6.62 (d, *J* = 15.7 Hz, 1H), 6.84 (dt, *J* = 8.8, 2.2 Hz, 2H), 7.33 (dt, *J* = 8.8, 2.2 Hz, 2H), 7.65--7.73 (m, 4H), 8.33--8.37 (m, 1H), 8.54 (d, *J* = 8.3 Hz, 1H), 8.68--8.74 (m, 2H) ppm.

A mixture of *N*-methylpyrrolidone (13 mL), (*E*)-9-bromo-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4a**, 3.05 g, 7.04 mmol), and CuCN (1.91 g, 21.3 mmol) was stirred at 190 °C for 30 min under an argon atmosphere. After the solution was cooled to rt, 28% NH~3~ aq (14.4 mL) and CH~2~Cl~2~ (5 mL) were added, and the solution was stirred for 10 min. The solution was filtered. To the filtrate were added H~2~O and CH~2~Cl~2~ (50 mL). The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo, giving a residue, which was subjected to silica gel column chromatography (CH~2~Cl~2~--hexane = 2:1) to give (*E*)-9-cyano-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5a**, 1.44 g, 54% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 3.80 (s, 3H), 4.33 (dd, *J* = 6.3, 1.2 Hz, 2H), 5.34 (s, 2H), 6.22 (dt, *J* = 15.7, 6.4 Hz, 1H), 6.63 (d, *J* = 15.7 Hz, 1H), 6.84 (dt, *J* = 8.8, 2.2 Hz, 2H), 7.32 (dt, *J* = 8.8, 2.2 Hz, 2H), 7.72--7.84 (m, 4H), 8.35--8.38 (m, 1H), 8.44 (d, *J* = 8.3 Hz, 1H), 8.70--8.75 (m, 2H) ppm.

To a stirred mixture of CH~2~Cl~2~ (15 mL) and Et~2~Zn (1.0 M in hexanes, 9.5 mL, 9.5 mmol) was slowly added a CH~2~Cl~2~ (10 mL) solution of CF~3~COOH (1.07 g, 9.38 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 20 min.^[@ref22]^ To the solution was added a CH~2~Cl~2~ (10 mL) solution of CH~2~I~2~ (2.42 g, 9.04 mmol) at 0 °C, and the solution was stirred at 0 °C for 20 min. To the solution was added a CH~2~Cl~2~ (15 mL) solution of (*E*)-9-cyano-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5a**, 1.44 g, 3.79 mmol), and the solution was stirred at rt for 2.5 h. HCl (1 N, 3.0 mL) was slowly added. Then, H~2~O and CH~2~Cl~2~ (50 mL) were added. The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown oil. Purification by silica gel column chromatography (CHCl~3~--hexane = 5:1) followed by crystallization from CH~2~Cl~2~--hexane gave 9-cyano-10-\[2-(4-methoxyphenyl)cyclopropylmethoxymethyl\]phenanthrene (**6a**, 0.96 g, 64% yield). Pale yellow solid; mp 124--126 °C; ^1^H NMR (270 MHz, CDCl~3~): δ 0.83--0.95 (m, 2H), 1.38--1.44 (m, 1H), 1.75 (dt, *J* = 8.2, 5.3 Hz, 1H), 3.59 (dd, *J* = 10.2, 6.6 Hz, 1H), 3.66 (dd, *J* = 10.2, 6.6 Hz, 1H), 3.76 (s, 3H), 5.34 (s, 2H), 6.78 (d, *J* = 8.6 Hz, 2H), 6.97 (d, *J* = 8.9 Hz, 2H), 7.67--7.84 (m, 4H), 8.33--8.37 (m, 1H), 8.43--8.46 (m, 1H), 8.69--8.74 (m, 2H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 13.7, 20.8, 21.9, 55.2, 69.1, 74.1, 110.7, 113.7, 116.8, 122.81, 122.82, 122.9, 126.5, 126.8, 126.9, 127.6, 128.1, 128.3, 129.3, 129.5, 130.1, 131.7, 134.2, 140.7, 157.6 ppm; IR (KBr): 1066, 1219, 2221, 2876, 3011 cm^--1^; MS (CI) *m*/*z* (relative intensity, %): 91 (44), 129 (25), 147 (100), 159 (52), 204 (46), 216 (72), 352 (22), 393 (M^+^, 19). HRMS (EI): calcd for C~27~H~23~NO~2~, 393.1729; found, 393.1729.

Preparation of **6b** {#sec4-3}
---------------------

NaH (60% in mineral oil, 0.184 g, 4.59 mmol) was washed with dry pentane. To a stirred mixture of NaH in THF (25 mL) was added cinnamyl alcohol (0.417 g, 3.11 mmol) under an argon atmosphere, and the solution was stirred at reflux for 1 h. After the solution was cooled to rt, a THF (15 mL) solution of 9-bromo-10-(bromomethyl)phenanthrene (**3a**, 0.535 g, 1.53 mmol, see the preparation of **6a**) was added, and the solution was stirred at reflux for 2 h. After the solution was cooled to rt, H~2~O (20 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown solid (0.965 g). Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 2:1) followed by recrystallization from CH~2~Cl~2~--hexane gave (*E*)-9-bromo-10-(cinnamyloxymethyl)phenanthrene (**4b**, 0.523 g, 85% yield). Colorless solid; ^1^H NMR (270 MHz, CDCl~3~): δ 4.35 (d, *J* = 6.3 Hz, 2H), 5.42 (s, 2H), 6.37 (dt, *J* = 16.0, 6.3 Hz, 1H), 6.68 (d, *J* = 16.0 Hz, 1H), 7.22--7.40 (m, 6H), 7.65--7.73 (m, 4H), 8.33--8.37 (m, 1H), 8.52--8.56 (m, 1H), 8.67--8.72 (m, 2H) ppm.

A mixture of *N*-methylpyrrolidone (8 mL), (*E*)-9-bromo-10-(cinnamyloxymethyl)phenanthrene (**4b**, 2.37 g, 5.88 mmol), and CuCN (1.57 g, 17.6 mmol) was stirred at 190 °C for 30 min under an argon atmosphere. After the solution was cooled to rt, 28% NH~3~ aq (11.9 mL) and CH~2~Cl~2~ (5 mL) were added, and the solution was stirred for 10 min. The solution was filtered. To the filtrate were added H~2~O and CH~2~Cl~2~ (50 mL). The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a black oil (4.25 g). Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 2:1) followed by recrystallization from CH~2~Cl~2~--hexane gave (*E*)-9-(cinnamyloxymethyl)-10-cyanophenanthrene (**5b**, 1.74 g, 85% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 4.35 (d, *J* = 6.4 Hz, 2H), 5.35 (s, 2H), 6.34 (dt, *J* = 15.5, 6.3 Hz, 1H), 6.69 (d, *J* = 15.5 Hz, 1H), 7.20--7.41 (m, 5H), 7.72--7.84 (m, 4H), 8.36 (d, *J* = 8.3 Hz, 1H), 8.44 (d, *J* = 8.0 Hz, 1H), 8.73 (t, *J* = 8.5 Hz, 2H) ppm.

To a stirred mixture of CH~2~Cl~2~ (15 mL) and Et~2~Zn (1.0 M in hexanes, 11 mL, 11.0 mmol) was slowly added a CH~2~Cl~2~ (10 mL) solution of CF~3~COOH (1.27 g, 11.2 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 20 min.^[@ref22]^ To the solution was added a CH~2~Cl~2~ (2 mL) solution of CH~2~I~2~ (2.80 g, 1.49 mmol) at 0 °C, and the solution was stirred at 0 °C for 20 min. To the solution was added a CH~2~Cl~2~ (15 mL) solution of (*E*)-9-cyano-10-(cinnamyloxymethyl)phenanthrene (**5b**, 0.211 g, 10.5 mmol), and the solution was stirred at rt for 2.5 h. HCl (1 N, 3.0 mL) was slowly added. Then, H~2~O and CH~2~Cl~2~ (50 mL) were added. The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown oil. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 1:1) gave 9-cyano-10-(2-phenylcyclopropylmethoxymethyl)phenanthrene (**6b**, 1.12 g, 71% yield). Pale yellow solid; mp 106--107 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 0.91 (dt, *J* = 8.5, 5.4 Hz, 1H), 0.96 (dt, *J* = 8.3, 5.1 Hz 1H), 1.42--1.50 (m, 1H), 1.77 (dt, *J* = 8.5, 5.1 Hz, 1H), 3.58 (dd, *J* = 10.4, 6.8 Hz, 1H), 3.62 (dd, *J* = 10.2, 6.6 Hz, 1H), 5.22 (s, 2H), 6.98--7.22 (m, 5H), 7.60--7.75 (m, 4H), 8.25--8.34 (m, 2H), 8.56--8.60 (m, 2H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 13.9, 21.2, 22.2, 68.4, 73.5, 110.1, 116.3, 122.3, 122.4, 125.2, 125.9, 126.2, 127.1, 127.6, 127.7, 127.8, 127.9, 128.6, 129.0, 129.4, 131.0, 140.0, 141.9 ppm; IR (KBr): 1064, 1247, 2218, 2871, 3001 cm^--1^; MS (CI) *m*/*z* (relative intensity, %): 91 (48), 129 (46), 176 (13), 216 (100), 259 (10), 322 (19), 363 (M^+^, 10). Anal. Calcd for C~26~H~21~NO: C, 85.92; H, 5.82; N, 3.85. Found: C, 85.54; H, 5.85; N, 3.84.

Preparation of **6c** {#sec4-4}
---------------------

A mixture of toluene (60 mL), PPh~3~ (13.7 g, 52.3 mmol), and (1-bromoethyl)benzene (8.80 g, 47.6 mmol) was stirred at reflux for 20 h under an argon atmosphere. The mixture was left in a freezer for 4 h. The formed colorless solid was collected by filtration with cold hexane. The solid was determined to be triphenyl(1-phenylethyl)phosphonium bromide (colorless solid, 11.6 g, 55% yield) by using ^1^H NMR analysis. ^1^H NMR (400 MHz, CDCl~3~): δ 2.05 (d, *J* = 7.0 Hz, 3H), 5.21 (q, *J* = 7.0 Hz, 1H), 7.25--7.45 (m, 20H) ppm.

To a stirred THF (130 mL) solution of triphenyl(1-phenylethyl)phosphonium bromide (23.1 g, 51.6 mmol) was slowly added *n*-BuLi (1.65 M in hexanes, 41 mL, 67.7 mmol) at −78 °C under an argon atmosphere, and the solution was stirred at rt for 45 min. To the solution was added a THF (20 mL) solution of *p*-bromobenzaldehyde (10.1 g, 54.4 mmol), and the solution was stirred at rt for 18 h and then concentrated in vacuo. Purification by silica gel column chromatography (hexane) gave 1-(4-bromophenyl)-2-phenylpropene (*E*/*Z* = 5:1 mixture, 13.3 g, 94% yield).^[@ref23]1^H NMR (500 MHz, CDCl~3~): δ 2.19 (s, *Z* 3H), 2.25 (s, *E* 3H), 6.39 (s, *Z* 1H), 6.74 (s, *E* 1H), 6.79 (d, *J* = 8.0 Hz, *Z* 2H), 7.14--7.53 (m, *E* 9H + *Z* 7H) ppm.

A benzene (140 mL) solution of 1-(4-bromophenyl)-2-phenylpropene (*E*/*Z* = 5:1, 1.77 g, 6.5 mmol) and I~2~ (0.051 g, 0.20 mmol) in a Pyrex vessel was bubbled by O~2~ for 10 min, and then the vessel was sealed. The solution was irradiated by using a 500 W high-pressure mercury lamp (Ushio, USH-500SC) at rt for 3 d. The solution was washed with 10% Na~2~S~2~O~3~ aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo. Purification by silica gel column chromatography (hexane) followed by recrystallization from hexane gave 3-bromo-9-methylphenanthrene (**1b**, 0.609 g, 35% yield). Pale yellow solid; ^1^H NMR (500 MHz, CDCl~3~): δ 2.72 (s, 3H), 7.53 (s, 1H), 7.63--7.69 (m, 4H), 8.05--8.08 (m, 1H), 8.61--8.64 (m, 1H), 8.78 (s, 1H) ppm.

To a stirred mixture of 3-bromo-9-methylphenanthrene (**1b**, 2.01 g, 7.4 mmol), Fe powder (35 mg, 0.63 mmol), I~2~ (46 mg, 0.18 mmol), and CCl~4~ (20 mL) was slowly added a CCl~4~ (10 mL) solution of Br~2~ (0.5 mL, 9.8 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 1 h. The resulting reddish brown solution was washed with 10% NaOH aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give colorless solid. Purification by recrystallization from CH~2~Cl~2~--hexane gave 3,10-dibromo-9-methylphenanthrene (**2b**, 2.26 g, 87% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 2.95 (s, 3H), 7.65--7.75 (m, 3H), 8.12--8.15 (m, 1H), 8.34 (d, *J* = 9.0 Hz, 1H), 8.59--8.62 (m, 1H), 8.78 (d, *J* = 2.0 Hz, 1H) ppm.

A CCl~4~ (100 mL) solution of AIBN (0.719 g, 4.38 mmol), *N*-bromosuccinimide (5.21 g, 29.3 mmol), and 3,10-dibromo-9-methylphenanthrene (6.83 g, 19.5 mmol) was stirred at reflux for 22 h under an argon atmosphere. The formed solid was removed by filtration. The filtrate was washed with 10% NaOH aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give pale yellow solid. Recrystallization from CH~2~Cl~2~ gave 3,10-dibromo-9-(bromomethyl)phenanthrene (**3b**, 6.54 g, 78% yield). Pale yellow solid; ^1^H NMR (400 MHz, CDCl~3~): δ 5.27 (s, 2H), 7.72--7.78 (m, 3H), 8.18--8.22 (m, 1H), 8.36 (d, *J* = 8.8 Hz, 1H), 8.61--8.64 (m, 1H), 8.79 (d, *J* = 1.7 Hz, 1H) ppm.

NaH (60% in mineral oil, 2.62 g, 65.5 mmol) was washed with dry THF. To a stirred mixture of NaH in THF (40 mL) was added a THF (30 mL) solution of *p*-methoxycinnamyl alcohol (4.63 g, 28.2 mmol) under an argon atmosphere, and the solution was stirred at reflux for 1 h. After the solution was cooled to rt, a mixture of THF (100 mL) and 3,10-dibromo-9-(bromomethyl)phenanthrene (**3b**, 7.81 g, 18.2 mmol) was added, and the solution was stirred at reflux for 3 h. After the solution was cooled to rt, H~2~O (30 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown solid (11.3 g). Purification by silica gel column chromatography (CHCl~3~--hexane = 1:1) gave (*E*)-3,10-dibromo-9-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4c**, 8.71 g, 93% yield). Colorless solid; mp 138--139 °C; ^1^H NMR (500 MHz, CDCl~3~): δ 3.80 (s, 3H), 4.31 (d, *J* = 6.0 Hz, 2H), 5.33 (s, 2H), 6.22 (dt, *J* = 15.8 Hz, 6.3 Hz, 1H), 6.61 (d, *J* = 15.8 Hz, 1H), 6.84 (d, *J* = 7.7 Hz, 2H), 7.31 (d, *J* = 7.7 Hz, 2H), 7.64--7.74 (m, 3H), 8.28--8.33 (m, 1H), 8.36 (d, *J* = 8.9 Hz, 1H), 8.53--8.59 (m, 1H), 8.76 (s, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 55.2, 69.9, 71.2, 113.9, 122.5, 122.9, 123.5, 125.3, 125.6, 126.0, 127.2, 127.7, 128.1, 128.7, 129.0, 129.4, 130.6, 131.1, 131.8, 132.68, 132.69, 132.8, 159.3 ppm; IR (KBr): 1246, 2835, 3002 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 91 (33), 121 (68), 135 (93), 163 (100), 189 (99), 256 (31), 269 (49), 349 (57), 433 (74), 512 (M^+^, 9). HRMS (EI): calcd for C~25~H~20~Br~2~O~2~, 509.9823; found, 509.9824.

A mixture of *N*-methylpyrrolidone (8 mL), (*E*)-3,10-dibromo-9-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4c**, 0.310 g, 0.61 mmol), and CuCN (0.262 g, 2.92 mmol) was stirred at 180 °C for 1 h under an argon atmosphere. After the solution was cooled to rt, 28% NH~3~ aq (2.0 mL) and CH~2~Cl~2~ (5 mL) were added, and the solution was stirred for 10 min. The solution was filtered. To the filtrate were added H~2~O and CH~2~Cl~2~ (50 mL). The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a black oil. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 20:1) gave (*E*)-3,10-dicyano-9-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5c**, 0.151 g, 62% yield). Pale yellow solid; mp 188--189 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 3.81 (s, 3H), 4.35 (d, *J* = 6.3 Hz, 2H), 5.34 (s, 2H), 6.19 (dt, *J* = 15.9, 6.3 Hz, 1H), 6.63 (d, *J* = 15.9 Hz, 1H), 6.84 (d, *J* = 8.8 Hz, 2H), 7.30 (d, *J* = 8.8 Hz, 2H), 7.84--7.95 (m, 3H), 8.44 (d, *J* = 8.3 Hz, 1H), 8.49 (d, *J* = 7.8 Hz, 1H), 8.69 (d, *J* = 8.8 Hz, 1H), 9.03 (s, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 55.2, 68.4, 72.1, 110.3, 112.0, 113.9, 116.0, 118.6, 122.5, 123.0, 127.3, 127.78, 127.79, 127.8, 128.2, 129.0, 129.8, 130.0, 130.6, 130.7, 130.8, 133.6, 144.2, 159.5 ppm; IR (KBr): 1246, 2226, 2882, 3032 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 91 (13), 135 (83), 163 (100), 214 (18), 241 (37), 404 (M^+^, 66). HRMS (EI): calcd for C~27~H~20~N~2~O~2~, 404.1525; found, 404.1526.

To a stirred mixture of CH~2~Cl~2~ (5 mL) and Et~2~Zn (1.0 M in hexanes, 2 mL, 2.0 mmol) was slowly added a CH~2~Cl~2~ (2 mL) solution of CF~3~COOH (0.203 g, 1.78 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 15 min.^[@ref22]^ To the solution was added a CH~2~Cl~2~ (2 mL) solution of CH~2~I~2~ (0.50 g, 1.87 mmol) at 0 °C, and the solution was stirred at 0 °C for 15 min. To the solution was added a CH~2~Cl~2~ (20 mL) solution of (*E*)-3,10-dicyano-9-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5c**, 0.322 g, 0.796 mmol), and the solution was stirred at rt for 2.5 h. HCl (1 N, 2 mL) was slowly added. Then, H~2~O and CH~2~Cl~2~ (50 mL) were added. The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown oil. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 10:1) gave 3,10-dicyano-9-\[2-(4-methoxyphenyl)cyclopropylmethoxymethyl\]phenanthrene (**6c**, 0.163 g, 49% yield). Pale yellow solid; mp 109--111 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 0.86--0.94 (m, 2H), 1.37--1.47 (m, 1H), 1.77 (dt, *J* = 8.5, 4.9 Hz, 1H), 3.62--3.71 (m, 2H), 3.75 (s, 3H), 5.30 (s, 2H), 6.74 (d, *J* = 8.8 Hz, 2H), 6.91 (d, *J* = 8.5 Hz, 2H), 7.76--7.79 (m, 1H), 7.85--7.89 (m, 2H), 8.35 (d, *J* = 8.3 Hz, 1H), 8.45 (d, *J* = 7.3 Hz, 1H), 8.60 (d, *J* = 8.3 Hz, 1H), 8.93 (s, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 13.7, 20.9, 21.9, 55.2, 68.9, 74.6, 110.0, 111.8, 113.7, 116.0, 118.5, 122.9, 126.75, 126.76, 127.3, 127.6, 128.1, 128.9, 129.4, 129.7, 129.9, 130.56, 130.57, 133.9, 144.1, 157.7 ppm; IR (KBr): 1246, 2230, 2870, 3005 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 83 (35), 149 (39), 175 (28), 202 (87), 230 (95), 259 (100), 272 (56), 377 (5), 418 (M^+^, 13). HRMS (EI): calcd for C~28~H~22~N~2~O~2~, 418.1681; found, 418.1679.

Preparation of **6d** {#sec4-5}
---------------------

To a stirred mixture of Mg (4.87 g, 200 mmol) and Et~2~O (120 mL) was slowly added benzyl chloride (24.9 g, 197 mmol) at 0 °C under an argon atmosphere, and the mixture was stirred at rt for 1.5 h. To the solution was added dropwise an Et~2~O (40 mL) solution of *p*-bromoacetophenone (34.9 g, 175 mmol) over 30 min. The solution was stirred at rt for 2 h. Sat NH~4~Cl aq (20 mL) was added at 0 °C. The aqueous layer was washed with Et~2~O (50 mL). The combined organic layers were washed with brine, dried over Na~2~SO~4~, and concentrated in vacuo. To the residue were added benzene (120 mL) and *p*-toluenesulfonic acid (3.09 g, 18 mmol). The mixture was exposed to a dehydrative procedure at reflux by using a Dean--Stark apparatus. After stoichiometric H~2~O was generated, the solution was concentrated in vacuo to give a pale yellow solid (59.9 g). Purification by recrystallization from CH~2~Cl~2~--hexane gave (*E*)-1-phenyl-2-(4-bromophenyl)propene (40.9 g, 86% yield).^[@ref24]^ Colorless solid; ^1^H NMR (400 MHz, CDCl~3~): δ 2.25 (s, 3H), 6.82 (s, 1H), 7.24--7.27 (m, 1H), 7.33--7.41 (m, 6H), 7.49 (d, *J* = 8.3 Hz, 2H) ppm.

A benzene (140 mL) solution of (*E*)-1-phenyl-2-(4-bromophenyl)propene (2.05 g, 7.5 mmol) and I~2~ (0.184 g, 0.73 mmol) was divided in 10 cylindrical Pyrex vessels (ϕ = 12 mm), and then the vessels were sealed. The solution was irradiated by using a 450 W high-pressure mercury lamp (Ushio, UM-452) at rt for 3 d. The solution was washed with 10% Na~2~S~2~O~3~ aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo. The residue was subjected to silica gel column chromatography (hexane) to give a mixture (colorless oil, 1.93 g) including 3-bromo-10-methylphenanthrene (**1c**). Because the impurities can not be separated, the mixture was used directly in the following reaction.

To a stirred mixture of 3-bromo-10-methylphenanthrene (**1c**, 2.94 g, ca. 10.8 mmol, including impurity), Fe powder (0.061 g, 1.1 mmol), I~2~ (0.273 g, 1.08 mmol), and CCl~4~ (30 mL) was slowly added a CCl~4~ (20 mL) solution of Br~2~ (0.6 mL, 11.8 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 1 h. The solution was washed with 10% NaOH aq (120 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give colorless solid. Purification by recrystallization from CH~2~Cl~2~--hexane gave 3,9-dibromo-10-methylphenanthrene (**2c**, 1.33 g, 34% yield based on (*E*)-1-phenyl-2-(4-bromophenyl)propene). Colorless solid; ^1^H NMR (400 MHz, CDCl~3~): δ 2.93 (s, 3H), 7.63--7.73 (m, 3H), 7.97 (d, *J* = 9.0 Hz, 1H), 8.44--8.47 (m, 1H), 8.56 (d, *J* = 8.0 Hz, 1H), 8.80 (s, 1H) ppm.

A CCl~4~ (130 mL) solution of AIBN (0.460 g, 2.80 mmol), *N*-bromosuccinimide (3.30 g, 18.5 mmol), and 3,9-dibromo-10-methylphenanthrene (**2c**, 6.17 g, 17.6 mmol) was stirred at reflux for 22 h under an argon atmosphere. The formed solid was collected and poured into CCl~4~ (100 mL). The suspension was warmed and subjected to hot filtration. The combined filtrates were washed with 10% NaOH aq (100 mL), dried over Na~2~SO~4~, filtered, and concentrated in vacuo. Recrystallization from CH~2~Cl~2~--hexane gave 3,9-dibromo-10-(bromomethyl)phenanthrene (**3c**, 5.89 g, 78% yield). Colorless solid; mp 209--210 °C; ^1^H NMR (500 MHz, CDCl~3~): δ 5.25 (s, 2H), 7.70--7.77 (m, 2H), 7.80 (d, *J* = 9.2 Hz, 1H), 8.06 (d, *J* = 8.6 Hz, 1H), 8.48--8.52 (m, 1H), 8.56--8.60 (m, 1H), 8.83 (s, 1H) ppm; ^13^C NMR (125 MHz, CDCl~3~): δ 31.7, 121.9, 122.8, 126.1, 126.2, 126.5, 126.8, 128.5, 129.4, 129.5, 130.2, 130.7, 130.8, 131.4, 131.6 ppm; IR (KBr): 1207, 3051 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 47 (54), 83 (82), 95 (52), 189 (94), 269 (51), 349 (100), 425 (M^+^, 13). HRMS (EI): calcd for C~28~H~22~N~2~O~2~, 418.1681; found, 418.1679.

NaH (60% in mineral oil, 2.35 g, 58.6 mmol) was washed with dry THF. To a stirred mixture of NaH in THF (40 mL) was added a THF (30 mL) solution of *p*-methoxycinnamyl alcohol (4.12 g, 25.1 mmol) under an argon atmosphere, and the solution was stirred at reflux for 1 h. After the solution was cooled to rt, a mixture of THF (100 mL) and 3,9-dibromo-10-(bromomethyl)phenanthrene (**3c**, 7.15 g, 16.7 mmol) was added, and the solution was stirred at reflux for 3 h. After the solution was cooled to rt, H~2~O (30 mL) and Et~2~O (50 mL) were added. The organic layer was washed with brine, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a yellow solid. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 10:1) gave (*E*)-3,9-dibromo-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4d**, 7.93 g, 93% yield). Colorless solid; mp 122--123 °C; ^1^H NMR (500 MHz, CDCl~3~): δ 3.81 (s, 3H), 4.28 (d, *J* = 5.7 Hz, 2H), 5.32 (s, 2H), 6.21 (dt, *J* = 16.0, 6.3 Hz, 1H), 6.60 (d, *J* = 16.0 Hz, 1H), 6.85 (d, *J* = 8.6 Hz, 2H), 7.32 (d, *J* = 9.2 Hz, 2H), 7.67--7.73 (m, 3H), 8.17 (d, *J* = 9.2 Hz, 1H), 8.48--8.57 (m, 2H), 8.75 (s, 1H) ppm; ^13^C NMR (126 MHz, CDCl~3~): δ 55.3, 69.9, 71.0, 113.9, 121.4, 122.6, 123.4, 125.6, 126.7, 127.66, 127.7, 128.0, 128.2, 129.3, 129.5, 130.0, 130.3, 130.5, 130.6, 131.4, 131.8, 132.8, 159.3 ppm; IR (KBr): 1246, 2835, 3032 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 91 (42), 135 (92), 163 (95), 189 (100), 269 (61), 349 (70), 431 (79), 512 (M^+^, 13). HRMS (EI): calcd for C~25~H~20~Br~2~O~2~, 509.9830; found, 509.9829.

A mixture of *N*-methylpyrrolidone (15 mL), (*E*)-3,9-dibromo-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**4d**, 1.01 g, 1.97 mmol), and CuCN (0.870 g, 9.71 mmol) was stirred at 170 °C for 1 h under an argon atmosphere. After the solution was cooled to rt, 28% NH~3~ aq (6.6 mL) and CH~2~Cl~2~ (5 mL) were added, and the solution was stirred for 10 min. The solution was filtered. To the filtrate were added H~2~O and CH~2~Cl~2~ (50 mL). The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a black oil. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 10:1) gave (*E*)-3,9-dicyano-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5d**, 0.430 g, 54% yield). Pale yellow solid; mp 161--162 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 3.81 (s, 3H), 4.33 (dd, *J* = 6.6, 1.2 Hz, 2H), 5.33 (s, 2H), 6.18 (dt, *J* = 15.9, 6.6 Hz, 1H), 6.63 (d, *J* = 16.1 Hz, 1H), 6.84 (d, *J* = 8.8 Hz, 2H), 7.31 (d, *J* = 8.5 Hz, 2H), 7.84--7.93 (m, 3H), 8.39--8.42 (m, 1H), 8.54 (d, *J* = 8.3 Hz, 1H), 8.66--8.69 (m, 1H), 9.04 (s, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 55.3, 68.3, 71.9, 112.8, 113.9, 114.0, 116.0, 118.6, 122.3, 122.4, 122.9, 127.0, 127.77, 127.8, 128.2, 128.7, 128.9, 129.0, 129.2, 129.4, 131.5, 131.6, 133.7, 139.8, 159.5 ppm; IR (KBr): 1250, 2230, 2839, 3032 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 91 (43), 135 (95), 147 (70), 163 (99), 214 (67), 229 (65), 241 (96), 404 (M^+^, 100). HRMS (EI): calcd for C~27~H~20~N~2~O~2~, 404.1525; found, 404.1523.

To a stirred mixture of CH~2~Cl~2~ (30 mL) and Et~2~Zn (1.0 M in hexanes, 14 mL, 14.0 mmol) was slowly added a CH~2~Cl~2~ (10 mL) solution of CF~3~COOH (1.59 g, 13.9 mmol) at 0 °C under an argon atmosphere, and the solution was stirred at 0 °C for 10 min.^[@ref22]^ To the solution was added a CH~2~Cl~2~ (10 mL) solution of CH~2~I~2~ (3.74 g, 13.9 mmol) at 0 °C, and the solution was stirred at 0 °C for 10 min. To the solution was added a CH~2~Cl~2~ (60 mL) solution of (*E*)-3,9-dicyano-10-\[3-(4-methoxyphenyl)allyloxymethyl\]phenanthrene (**5d**, 2.84 g, 7.03 mmol), and the solution was stirred at rt for 2 h. HCl (1 N, 10 mL) was slowly added. Then, H~2~O and CH~2~Cl~2~ (50 mL) were added. The organic layer was separated, dried over Na~2~SO~4~, filtered, and concentrated in vacuo to give a brown oil. Purification by silica gel column chromatography (CH~2~Cl~2~--hexane = 10:1) gave 3,9-dicyano-10-\[2-(4-methoxyphenyl)cyclopropylmethoxymethyl\]phenanthrene (**6d**, 1.70 g, 58% yield). Yellow solid; mp 67--68 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 0.83--0.94 (m, 2H), 1.34--1.43 (m, 1H), 1.74 (dt, *J* = 8.5, 5.1 Hz, 1H), 3.58--3.69 (m, 2H), 3.77 (s, 3H), 5.32 (s, 2H), 6.76 (d, *J* = 8.5 Hz, 2H), 6.91 (d, *J* = 8.8 Hz, 2H), 7.81--7.89 (m, 3H), 8.36--8.41 (m, 1H), 8.53 (d, *J* = 8.8 Hz, 1H), 8.63--8.77 (m, 1H), 9.00 (s, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 13.6, 20.8, 21.7, 55.1, 68.5, 74.5, 112.4, 113.2, 113.6, 115.6, 118.3, 122.5, 126.5, 126.6, 127.66, 127.69, 127.75, 127.78, 128.1, 128.5, 129.1, 130.8, 131.0, 133.7, 139.5, 157.5 ppm; IR (KBr): 1246, 2230, 2835, 3001 cm^--1^; MS (EI), *m*/*z* (relative intensity, %): 91 (54), 121 (60), 147 (99), 160 (96), 214 (72), 241 (100), 377 (33), 418 (M^+^, 91). HRMS (EI): calcd for C~28~H~22~N~2~O~2~, 418.1681; found, 418.1679.

Photoreaction of **6a** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, Entry 4) {#sec4-6}
------------------------------------------------------------------------------------------------

Benzene solutions (10 mL × 6) containing **6a** (39.8 mg × 6) in six cylindrical Pyrex vessels (ϕ = 12 mm) were degassed by argon bubbling for 8 min, and then the vessel was sealed. The solution was irradiated by using a 450 W high-pressure mercury lamp (Ushio, UM-452) at rt for 6 h, maintained by using circulated cooling water. The combined solutions were concentrated in vacuo. Purification by silica gel column chromatography (CHCl~3~) followed by recycling preparative HPLC (silica gel, normal phase, hexane--AcOEt = 3:1) gave endo-**7a** (48 mg, 20% yield), exo-**7a** (31 mg, 13% yield), cis-**8a** (17 mg, 7% yield), and trans-**8a** (49 mg, 21% yield).

### (3*aS*\*,5*R*\*,5*aS*\*,13*bR*\*)-5-(4-Methoxyphenyl)-1,3,3*a*,4,5,5*a*-hexahydrodibenzo\[4,5:6,7\]indeno\[1,7*a*-*c*\]furan-5*a*-carbonitrile (endo-**7a**) {#sec4-6-1}

Colorless solid; mp 178--180 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 1.94--2.04 (m, 1H), 2.28--2.34 (m, 1H), 3.58 (s, 3H), 3.66 (d, *J* = 8.2 Hz, 1H), 3.85--3.95 (m, 1H), 4.11 (d, *J* = 8.2 Hz, 1H), 4.25 (t, *J* = 8.7 Hz, 1H), 4.35 (dd, *J* = 11.0, 8.7 Hz, 1H), 4.56 (t, *J* = 8.2 Hz, 1H), 6.15 (d, *J* = 8.7 Hz, 2H), 6.28 (d, *J* = 8.7 Hz, 2H), 7.12--7.19 (m, 2H), 7.38--7.47 (m, 3H), 7.55--7.62 (m, 2H), 7.72 (d, *J* = 7.8 Hz, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 28.1, 51.8, 55.0, 56.4, 61.3, 65.9, 67.5, 73.6, 112.3, 123.4, 124.3, 127.6, 128.08, 128.09, 128.1, 128.6, 128.7, 128.8, 128.9, 129.8, 130.2, 132.1, 134.4, 134.8, 158.2 ppm; IR (KBr): 2230, 2951 cm^--1^; MS (EI), *m*/*z* (relative intensity, %): 87 (39), 121 (28), 134 (65), 147 (100), 160 (99), 216 (63), 352 (32), 393 (M^+^, 89). HRMS (EI): calcd for C~27~H~23~NO~2~, 393.1729; found, 393.1725.

### (3*aS*\*,5*S*\*,5*aS*\*,13*bR*\*)-5-(4-Methoxyphenyl)-1,3,3*a*,4,5,5*a*-hexahydrodibenzo\[4,5:6,7\]indeno\[1,7*a*-*c*\]furan-5*a*-carbonitrile (exo-**7a**) {#sec4-6-2}

Colorless solid; mp 208--209 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 2.16 (td, *J* = 13.1, 6.9 Hz, 1H), 2.34 (dd, *J* = 13.4, 6.9 Hz, 1H), 3.03 (dd, *J* = 11.7, 6.9 Hz, 1H), 3.21 (d, *J* = 6.9 Hz, 1H), 3.74 (s, 3H), 4.04 (d, *J* = 11.7 Hz, 1H), 4.10 (d, *J* = 11.7 Hz, 1H), 4.14 (d, *J* = 11.7 Hz, 1H), 4.44 (d, *J* = 11.0 Hz, 1H), 6.57 (d, *J* = 7.6 Hz, 1H), 6.72 (d, *J* = 7.6 Hz, 1H), 6.96 (d, *J* = 8.2 Hz, 1H), 7.19 (t, *J* = 7.6 Hz, 1H), 7.40 (t, *J* = 7.6 Hz, 1H), 7.44 (t, *J* = 7.6 Hz, 1H), 7.51 (t, *J* = 7.6 Hz, 1H), 7.57 (d, *J* = 8.2 Hz, 1H), 7.96 (t, *J* = 7.6 Hz, 1H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 31.6, 41.9, 48.1, 49.2, 52.1, 55.1, 67.9, 70.4, 113.1, 119.5, 124.5, 125.0, 125.1, 125.5, 128.1, 128.2, 129.0, 129.1, 129.4, 130.5, 130.9, 131.1, 132.9, 133.0, 158.4 ppm; IR (KBr): 2226, 2959 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 57 (92), 121 (39), 135 (56), 145 (100), 160 (39), 176 (54), 216 (46), 393 (M^+^, 88). HRMS (EI): calcd for C~27~H~23~NO~2~, 393.1729; found, 393.1729.

### (4*S*\*,4*aR*\*,12*bS*\*)-4-((*Z*)-4-Methoxystyryl)-3,4,4*a*,12*b*-tetrahydro-1*H*-dibenzo\[*f*,*h*\]isochromene-4*a*-carbonitrile (cis-**8a**) {#sec4-6-3}

Colorless solid; mp 140--142 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 3.04 (dd, *J* = 11.7, 5.5 Hz, 1H), 3.70 (s, 3H), 3.75 (d, *J* = 8.9 Hz, 1H), 4.05 (dd, *J* = 8.6, 6.2 Hz, 1H), 4.15 (s, 1H), 4.33 (d, *J* = 8.9 Hz, 1H), 4.67 (d, *J* = 8.9 Hz, 1H), 5.63 (t, *J* = 11.0 Hz, 1H), 6.23 (d, *J* = 8.2 Hz, 2H), 6.40 (d, *J* = 11.7 Hz, 1H), 6.48 (d, *J* = 7.6 Hz, 2H), 7.15--7.21 (m, 2H), 7.38--7.46 (m, 3H), 7.57 (d, *J* = 7.6 Hz, 1H), 7.81 (dd, *J* = 16.8, 8.2 Hz, 2H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 35.8, 46.4, 51.5, 55.1, 74.0, 74.5, 113.3, 118.6, 124.5, 125.0, 126.6, 127.27, 127.3, 128.2, 128.5, 128.8, 129.0, 129.2, 129.4, 129.8, 131.4, 132.3, 134.1, 137.8, 158.3 ppm; IR (KBr): 2237, 2936 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 57 (98), 69, (87), 83 (57), 145 (100), 147 (51), 160 (63), 176 (51), 218 (42), 293 (36), 393 (M^+^, 70). HRMS (EI): calcd for C~27~H~23~NO~2~, 393.1729; found, 393.1725.

### (4*S*\*,4*aS*\*,12*bS*\*)-4-((*Z*)-4-Methoxystyryl)-3,4,4*a*,12*b*-tetrahydro-1*H*-dibenzo\[*f*,*h*\]isochromene-4*a*-carbonitrile (trans-**8a**) {#sec4-6-4}

Colorless solid; mp 206--207 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 3.59 (dd, *J* = 11.0, 4.4 Hz, 1H), 3.80--3.88 (m, 1H), 3.88 (s, 3H), 4.13 (t, *J* = 11.5 Hz, 1H), 4.31 (d, *J* = 11.7 Hz, 1H), 4.39 (d, *J* = 11.7 Hz, 1H), 4.79 (dd, *J* = 11.6, 4.4 Hz, 1H), 5.84 (t, *J* = 11.7 Hz, 1H), 6.60 (d, *J* = 12.0 Hz, 1H), 6.89 (d, *J* = 7.1 Hz, 1H), 7.01 (d, *J* = 8.5 Hz, 2H), 7.13 (d, *J* = 7.6 Hz, 1H), 7.18 (t, *J* = 7.6 Hz, 1H), 7.26 (d, *J* = 8.5 Hz, 2H), 7.34--7.43 (m, 2H), 7.81 (dd, *J* = 15.5, 7.6 Hz, 2H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 35.9, 37.7, 43.3, 55.3, 67.7, 70.9, 114.2, 120.1, 123.9, 124.6, 124.8, 126.5, 126.8, 127,8, 128.2, 128.55, 128.56, 129.0, 129.2, 129.8, 131.9, 132.0, 132.7, 134.0, 159.0 ppm; IR (KBr): 2226, 2959 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 57 (51), 83 (92), 135 (31), 147 (54), 160 (100), 176 (34), 216 (22), 393 (M^+^, 65). HRMS (EI): calcd for C~27~H~23~NO~2~, 393.1729; found, 393.1724.

Photoreaction of **6b** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, Entry 8) {#sec4-7}
------------------------------------------------------------------------------------------------

Acetonitrile solutions (11.5 mL × 4) containing **6b** (41.5 mg × 4) in four cylindrical Pyrex vessels (ϕ = 12 mm) were degassed by argon bubbling for 8 min, and then the vessel was sealed. The solution was irradiated by using a 450 W high-pressure mercury lamp (Ushio, UM-452) at rt for 3 h, maintained by using circulated cooling water. The combined solutions were concentrated in vacuo. Purification by silica gel column chromatography (CHCl~3~--hexane = 5:1) followed by recycling preparative HPLC (silica gel, normal phase, hexane--AcOEt = 3:1) and recycling preparative HPLC (GPC, CHCl~3~) gave **6b** (26 mg, 16% yield), 9-cyano-10-methylphenanthrene (**9**, 14 mg, 14% yield), **7b** (7mg, 4% yield and 17 mg, 10% yield; endo and exo can not be determined), cis-**8b** (4 mg, 2% yield), and trans-**8b** (11 mg, 7% yield). Purities of the products are not so high; therefore, their spectral data can not be collected.

Photoreaction of **6c** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, Entry 9) {#sec4-8}
------------------------------------------------------------------------------------------------

Benzene solutions (9 mL × 8) containing **6c** (38 mg × 8) in eight cylindrical Pyrex vessels (ϕ = 12 mm) were degassed by argon bubbling for 10 min, and then the vessel was sealed. The solution was irradiated by using a 450 W high-pressure mercury lamp (Ushio, UM-452) at rt for 24 h, maintained by using circulated cooling water. The combined solutions were concentrated in vacuo. Purification by silica gel column chromatography (CH~2~Cl~2~--AcOEt = 40:1) followed by recycling preparative HPLC (silica gel, normal phase, hexane--AcOEt = 3:1) and recycling preparative HPLC (GPC, CHCl~3~) gave trans-**8c** (29 mg, 4% yield).

### (4*S*\*,4*aS*\*,12*bS*\*)-4-((*Z*)-4-Methoxystyryl)-3,4,4*a*,12*b*-tetrahydro-1*H*-dibenzo\[*f*,*h*\]isochromene-4*a*,7-dicarbonitrile (trans-**8c**) {#sec4-8-1}

Colorless solid; mp 225--226 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 3.59 (dd, *J* = 11.2, 4.6 Hz, 1H), 3.82 (d, *J* = 10.7 Hz, 1H), 3.90 (s, 3H), 4.12 (t, *J* = 11.5 Hz, 1H), 4.33 (d, *J* = 12.2 Hz, 1H), 4.40 (d, *J* = 11.5 Hz, 1H), 4.82 (dd, *J* = 11.7, 4.9 Hz, 1H), 5.79 (t, *J* = 11.2 Hz, 1H), 6.63 (d, *J* = 11.7 Hz, 1H), 6.91 (d, *J* = 8.1 Hz, 1H), 7.03 (d, *J* = 8.5 Hz, 2H), 7.17 (d, *J* = 7.8 Hz, 1H), 7.22 (d, *J* = 8.8 Hz, 2H), 7.40--7.51 (m, 3H), 7.77 (d, *J* = 6.8 Hz, 1H), 8.09 (s, 1H) ppm; ^13^C NMR (125 MHz, CDCl~3~): δ 35.5, 37.6, 43.5, 55.4, 67.5, 70.8, 113.4, 114.4, 118.2, 119.0, 124.2, 125.1, 125.5, 128.1, 128.3, 128.6, 128.7, 129.8, 129.9, 130.7, 130.8, 132.0,132.9, 135.4, 136.6, 159.3 ppm; IR (KBr): 1254, 2233, 2847, 3017 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 43 (13), 83 (34), 117 (34), 147 (87), 160 (99), 214 (24), 228 (85), 418 (M^+^, 100). HRMS (EI): calcd for C~28~H~22~N~2~O~2~, 418.1681; found, 418.1683.

Photoreaction of **6d** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, Entry 11) {#sec4-9}
-------------------------------------------------------------------------------------------------

Benzene solutions (10 mL × 8) containing **6d** (42 mg × 8) in eight cylindrical Pyrex vessels (ϕ = 12 mm) were degassed by argon bubbling for 10 min, and then the vessel was sealed. The solution was irradiated by using a 450 W high-pressure mercury lamp (Ushio, UM-452) at rt for 24 h, maintained by using circulated cooling water. The combined solutions were concentrated in vacuo. Purification by silica gel column chromatography (CH~2~Cl~2~--AcOEt = 40:1) followed by recycling preparative HPLC (silica gel, normal phase, hexane--AcOEt = 3:1) gave endo-**7d** (33 mg, 10% yield).

### (3*aS*\*,5*R*\*,5*aS*\*,13*bR*\*)-5-(4-Methoxyphenyl)-1,3,3*a*,4,5,5*a*-hexahydrodibenzo\[4,5:6,7\]indeno\[1,7*a*-*c*\]furan-5*a*,11-dicarbonitrile (endo-**7d**) {#sec4-9-1}

Colorless solid; mp 178--180 °C; ^1^H NMR (400 MHz, CDCl~3~): δ 1.86--1.95 (m, 1H), 2.32--2.39 (m, 1H), 3.61 (s, 3H), 3.64 (d, *J* = 8.3 Hz, 1H), 3.91--4.02 (m, 1H), 4.14 (d, *J* = 8.5 Hz, 1H), 4.30 (d, *J* = 10.2 Hz, 2H), 4.61 (t, *J* = 8.5 Hz, 1H), 6.16 (d, *J* = 8.8 Hz, 2H), 6.32 (d, *J* = 8.8 Hz, 2H), 7.18--7.31 (m, 2H), 7.43 (d, *J* = 7.8 Hz, 1H), 7.65 (dd, *J* = 7.8, 1.5 Hz, 1H), 7.70 (dd, *J* = 8.3, 2.0 Hz, 1H), 7.83--7.86 (m, 2H) ppm; ^13^C NMR (100 MHz, CDCl~3~): δ 27.9, 51.5, 55.1, 56.6, 61.7, 65.6, 67.5, 73.3, 112.3, 112.5, 118.4, 122.9, 123.6, 127.6, 128.0, 129.0, 129.1, 129.2, 129.4, 129.9, 130.0, 130.1, 131.5, 135.8, 139.9, 158.5 ppm; IR (KBr): 1250, 2230, 2947, 3063 cm^--1^; MS (EI) *m*/*z* (relative intensity, %): 91 (41), 121 (37), 134 (76), 147 (91), 160 (86), 241 (59), 377 (27), 418 (100). HRMS (EI): calcd for C~28~H~22~N~2~O~2~, 418.1681; found, 418.1680.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acsomega.7b01439](http://pubs.acs.org/doi/abs/10.1021/acsomega.7b01439).Subtracted fluorescence spectra of **6a--d**; excitation and absorption spectra of **6a--d**; ^1^H and ^13^C NMR spectra for compounds **3c**, **4c--d**, **5c--d**, **6a--d**, endo-**7a**, exo-**7a**, endo-**7d**, cis-**8a**, trans-**8a**, and trans-**8c**; and X-ray crystallographic analysis of trans-**8a** ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_001.pdf))Crystallographic data of trans-**8a** ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acsomega.7b01439/suppl_file/ao7b01439_si_002.zip))
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